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We demonstrate the reconstruction of the exciton-polariton condensate loaded in a single active
miniband in one-dimensional microcavity wires with a complex-valued periodic potentials. The
effect appears due to strong polariton-polariton repulsion and it depends on the type of the single-
particle dispersion of the miniband, which can be fine tuned by the real and imaginary components
of the potential. As a result, the condensate can be formed in a 0-state, pi-state, or mixed state
of spatiotemporal intermittency, depending on the shape of the miniband, strength of interparticle
interaction, and distribution of losses in the system. The reconstruction of the condensate wave
function takes place by proliferation of nuclei of the new condensate phase in the form of dark
solitons. We show that, in general, the interacting polaritons are not condensed in the state with
minimal losses, neither they accumulate in the state with a well-defined wave vector.
Introduction.— Since the discovery of superfluid–Mott
insulator transition with cold atoms in optical lattices [1,
2], the system of bosons in periodic potentials has at-
tracted much attention for both fundamental and ap-
plied reasons. While the cold atoms in periodic opti-
cal lattices are probably the cleanest system, they have
extremely low critical temperature due to heavy atomic
masses. Exciton polaritons (polaritons) in semiconductor
microcavities [3–5] possess substantially smaller effective
masses and can condense not only at liquid Helium [6–
8] but also up to the room temperature [9, 10]. This
makes a system of polaritons in artificial periodic poten-
tials an excellent alternative platform for studying many-
body physics, gap solitons [11, 12], topological polariton
states [13, 14], as well as classical [15] and quantum [16]
simulators.
The physics of polariton condensation is quite different
from traditional cold atoms. An external pumping (co-
herent or incoherent) is required to create and maintain
polaritons due to their finite lifetime in the microcav-
ity, which usually prevents the particles to reach thermal
equilibrium, so that the steady-state condensate can be
formed in an excited state with many-body correlations.
In particular, for polariton condensates in periodic po-
tentials, the condensation at the edges of the Brillouin
zone, namely pi-condensation in one-dimensional (1D)
lattices [8] and p- and d-condensation in two-dimensional
(2D) lattices [17], as well as the mixed condensates [18]
have been observed.
Loading cavity photons and quantum-well excitons
into separate periodic potentials, one can achieve multi-
valley (instead of pi- or 0-) condensation [19]. Moreover,
polariton condensation in the presence of distributed gain
and loss of the single-particle states is expected to be
accompanied by formation of spontaneous currents [20].
Another significant recent finding is the flat band conden-
sation in 1D [21] and 2D periodic systems [22, 23]. Such
condensates exhibit strong enhancement of the effects of
polariton-polariton interaction due to the reduced kinetic
energy of the particles.
In this Letter, we consider a 1D polariton system in
a complex-valued (later complex ) periodic potential and
account for polariton-polariton interaction and gain sat-
uration nonlinearity. We show that for the detailed de-
scription of the system, it is necessary to consider the
imaginary part of the periodic potential, which describes
the distributed gain and losses [24] of single-particle
states in the microcavity. By carefully choosing the pa-
rameters of the complex potential (such as height and
width of its imaginary part), we can control the state
of the system and demonstrate that several conceptually
different situations are possible.
In the case of relatively large width of the miniband
(large energy difference between the 0- and pi-states of
the single-particle spectrum), we find that the conden-
sate transforms from 0-state to pi-state or vice versa with
the increasing interaction between the particles. This re-
sult is counterintuitive, as particles accumulate in a state
which does not correspond to minimal losses. Moreover,
in the presence of strong polariton-polariton repulsion,
the total occupation number of the condensate is not
maximized.
The crossover from 0- to pi-condensate (or vice versa)
happens by formation of propagating dark solitons, which
is another surprising result. Instead of usual conden-
sation that tends to maximize the number of particles
in a single quantum state, the particles might quasi-
homogeneously distribute along the dispersion curve, at
certain magnitude of effective interaction between the
particles, comparable with the band width. In this case,
polaritons occupy the band more or less uniformly, and
short correlations in space and time manifest intermit-
tency of such states.
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2Theoretical model.— We study the solutions of 1D
Gross-Pitaevskii equation,
i~∂tψ = − ~
2
2m∗
∂2xψ + V (x)ψ + (α− iβ) |ψ|2ψ, (1)
where ψ (x, t) is the wave function of polariton conden-
sate, V (x) = V (x + a) is the complex periodic potential
with the lattice period a, m∗ is the polariton effective
mass, α is the polariton-polariton interaction constant,
and β > 0 accounts for the gain-saturation nonlinearity
of the system [25, 26]. Note that by scaling the wave
function ψ → ψ/√β, one can set β = 1, obtaining the
dimensionless interaction constant α/β.
We describe the complex potential V (x) = VR(x) +
iVI(x) as a superposition of square wells in both real and
imaginary part of it, but with different widths. Namely,
within the unit cell, 0 ≤ x < a, we have (see Fig. 1, upper
panels)
VR(x) = U Θ
(∣∣∣x− a
2
∣∣∣− aR
2
)
, (2a)
VI(x) = W Θ
(aI
2
−
∣∣∣x− a
2
∣∣∣)− Γ, (2b)
where Θ(x) is the Heaviside step function, U is the height
of potential barriers, W describes the local gain, and Γ
defines the uniform losses in the system (due to finite
polariton lifetime in the microcavity wire). Parameters
aR and aI are the widths of real potential wells and
imaginary potential barriers, respectively. Complex po-
tential (2) reflects the experimental situation when the
system is pumped from the excitonic reservoirs created
in the barriers. Due to exciton-polariton repulsion, the
particles move into the wells (similar to the case of 2D
lattices of trapped polariton condensates [15]), so that
the gain part of the potential (parameter W ) is located
at the wells. The excitonic reservoirs also increase the
barrier heights. It should be noted that Eq. (1) can de-
scribe the experimental set-up in which there is no real
part of the potential along the wire (VR(x) = 0), but the
incoherent pumping is periodic. In this case the pumping
both creates the potential barriers and selectively pumps
the wells. This set-up allows to fine tune the parameters
of the potential and its period a.
It is important that depending on the values of the pa-
rameters of potential (2), the single-polariton spectrum
(obtained setting α = β = 0 in Eq. (1)) can be of four
qualitatively different types. We classify them as ΛΛ [see
Fig. 1(a), lower panel], VV [Fig. 1(b), lower panel], VΛ
and ΛV, depending on the position of the minimum of
the energy (the real part of the eigenvalue) and the po-
sition of the minimum of the gain (the imaginary part
of the eigenvalue) for the first miniband. For example,
ΛΛ type corresponds to the case when the minimum en-
ergy and minimum gain are both at the edge of the first
Brillouin zone at k = ±pi/a [see Fig. 1(a)]. We also can
define effective widths of the bands, ∆ER and ∆EI .
0  1  2  
-5
0
5
-1 1
2.4
2.6
2.8
-1 1
0
0.2
0.4
(a) ΛΛ-type
0  1  2  
-5
0
5
-1 1
1.6
1.8
2.0
-1 1
0
0.2
0.4
(b) VV-type
FIG. 1. Complex potentials and dispersions of the first mini-
band. The real parts are plotted with thick black lines; the
imaginary parts are plotted with thin red lines. (a) ΛΛ case.
U = 14(~2/m∗a2), W = 3.26 U , Γ = 2.64 U . (b) VV case.
U = 28(~2/m∗a2), W = 0.25 U , Γ = 0.16 U . The energy
bandwidth ratio ∆ER/∆EI ≈ 3 (a) and 2 (b). In both cases,
aR = 0.5a and aI = 0.4a. The energies are measured in the
units of E0 = pi
2~2/2m∗a2.
In what follows, we will consider the formation of the
polariton condensate near the threshold, when the losses
in the system, governed by the parameter Γ, are big
enough, and the first miniband only possesses positive
imaginary part of the eigenvalue, so that the particles
are expected to condense into this miniband. The com-
plex potential in Fig. 1 is then chosen by the following
two principles: (i) Detuning the width and depth of the
well to get the ground state dispersion with the ΛΛ (or
VV type), and (ii) changing the magnitude of the overall
shift for the imaginary part, Γ, we make the first mini-
band to be the only band with positive imaginary part
of the eigenvalues.
Spatiotemporal dynamics of the condensate.— For non-
interacting polaritons one expects to obtain their con-
densate in the state with the maximum gain. Thus the
number of particles is maximized in this state and it is
stabilized by finite gain-dissipation parameter β. There-
fore, we expect the 0-state condensation in ΛΛ and VΛ
cases, and pi-state condensation in ΛV and VV cases.
Numerical solutions of Eq. (1) show that this scenario
remains valid even in the presence of strong repulsion
between polaritons in the VΛ and ΛV cases. However,
the polariton-polariton interaction has dramatic effect on
the condensate loaded in the ΛΛ and VV minibands,
leading to fundamental reconstruction of the condensate
state with the increase of interactions. Therefore we will
mostly concentrate on the VV and ΛΛ configurations.
Figures 2 and 3 show spatiotemporal dynamics of the
condensate for the ΛΛ and VV cases. The left-hand-side
(l.h.s.) columns of these figures show spatiotemporal pat-
terns of the condensate density |ψ(x, t)|2 and the right-
hand-side (r.h.s.) columns show the polariton emission
intensities |ψ(k,E)|2 averaged over 50 trajectories with
different random small initial seeds of noise. In density
3FIG. 2. Spatiotemporal pattern of the condensate density
|ψ(x, t)|2 (a, c, e) and Intensity |ψ(k,E)|2 (b, d, f) for ΛΛ
case. α/β = 0 (a, b), 2 (c, d), and 6 (e, f). The intensity plot
is obtained from averaging over 50 trajectories of different
random initial noise. Time is measured in units of t0 ≡ ~/E0.
plots, shown in the panels (a), (c), and (e), the local max-
ima of the condensate density (dark black vertical lines
along the time axis) are at the centers of wells of the real
potential VR, where the maximal gain is attained (see
also Fig. 5(a,b)).
Descending from panels (a,b) to panels (e,f) in Figs. 2
and 3, the dimensionless parameter α/β increases and
we observe considerable changes in the spatiotemporal
density patterns and condensation states. (a,b) When
α/β = 0, the condensate is formed in the state with the
maximum gain: 0-state in ΛΛ case and pi-state in VV
case. The defects appearing at the early stage of evolu-
tion, dissipate away at later times. (c,d) When α/β takes
an intermediate value, polaritons no longer accumulate in
the state with a well-defined wave vector, but rather they
distribute along the whole miniband. As one can see from
corresponding l.h.s. panels, strong spatiotemporal chaos
is present in this case. (e,f) Surprisingly, with further in-
crease of α/β, the well-defined condensation takes place
again, but now the condensate is formed at the minimum
of the dispersion, in the state with the smallest gain. It
corresponds to pi-state in ΛΛ case and 0-state in VV case.
This result is in contrast with the one obtained in the zero
interaction regime [compare panels (b) and (f)].
The density patterns presented in panels (c) resemble
those of spatiotemporal intermittency in the 1D complex
Ginzburg-Landau equation (CGLE) [27–29], which can
be written in a form of the nonlinear Schro¨dinger equa-
tion:
i∂tA = iA+ (c1 + i)∂
2
xA+ (c3 − i)|A|2A . (3)
FIG. 3. Spatiotemporal pattern of the condensate density
|ψ(x, t)|2 (a, c, e) and Intensity |ψ(k,E)|2 (b, d, f) for VV
case. α/β = 0 (a, b), 0.8 (c, d), and 2 (e, f). Each intensity
plot (b, d, f) is obtained by averaging over 50 trajectories of
different random initial noise.
The nonlinear term here takes the same form as in
Eq. (1) and the linear terms for c1 > 0 correspond to
the complex-valued energy dispersion of ΛΛ-type even
though the dispersion in Fig. 1 is not a quadratic but a
periodic function. The parameters c1 and c3 play sim-
ilar roles as ∆ER/∆EI and α/β in our system, respec-
tively. However, the shapes of real and imaginary parts
of the dispersion in Fig. 1 are not exactly proportional
to each other and the continuous translational symme-
try of CGLE is reduced to a discrete lattice translational
symmetry due to the periodic potential.
There is also another important difference. Even
though the offset term iA in Eq. (3) admits only a re-
stricted range of wave numbers (−1 < k < 1) to have a
positive gain with a maximum at k = 0, the edge points
k = ±1 have zero gain, and therefore the condensate can
not be formed at the edge. Instead, the polariton sys-
tem is characterized by edge points of the first Brillouin
zone k = ±pi/a with finite gain and the singularity in the
density of states. It is this feature that leads to the pos-
sibility of formation of the polariton condensate at the
edge.
It is known [27] that in some parameter range of
CGLE, there is a transition from a plain-wave phase to
a spatiotemporal intermittent phase. In our system, we
predict three different phases: 0-, pi-state Bloch-waves
(instead of single plane wave) and a spatiotemporal in-
termittency state (which separates the 0- and pi-states).
The crossover from the spatiotemporal intermittent dy-
namics to the pi-condensate in the ΛΛ case (or to the
4FIG. 4. Spatiotemporal pattern of the condensate density
|ψ(x, t)|2 (a, c, e) and intensity |ψ(k,E)|2 (b, d, f) for the ΛΛ
cases with α/β = 4 fixed. The ratios of the real and imaginary
parts of the energy bandwidths are ∆ER/∆EI ≈ 1, 2, and 4
from (a, b) to (e, f). W = 3.82 U (a,b), 3.43 U (c,d), and
3.18 U (e,f) with U = 14(~2/m∗a2). ∆ER ≈ 0.107 E0 (a,b),
0.164 E0 (c,d), and 0.201 E0 (e,f) with E0 = pi
2~2/2m∗a2.
0-condensate in the VV case) is not always possible. The
formation of new condensate phase depends not only on
the polariton interaction strength α/β, as has been dis-
cussed above, but also on the ratio ∆ER/∆EI . Figure 4
demonstrates (for the ΛΛ case) that a sufficiently large
value of the ratio ∆ER/∆EI is required to reach a pi-
state from the mixture state of the spatiotemporal inter-
mittency.
Soliton dynamics.— At weak polariton-polariton in-
teraction, the long-range order of the 0-condensate in the
ΛΛ case and the pi-condensate in the VV case is destroyed
by formation of propagating defects. Each defect extends
only over a few lattice constants, and it is characterized
by the suppression of the condensate occupation and by
the phase slips.
As an example, Fig. 5 shows the collision events of
a pair of such defects propagating towards each other.
The individual collisions are seen only for weakly inter-
acting polaritons, when the concentration of defects is
small. Each defect is characterized by the depletion of
the particle density together with an abrupt change in
the phase of the wave function at two edge points of the
defect, where the phase change is close to pi (instead of
0) in the ΛΛ case, while it becomes less than pi in the VV
case. The fact that the defects maintain their properties
after the collision indicates that they can also be con-
sidered as dark solitons. We note, however, that these
solitons are different from the Bekki-Nozaki hole solu-
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FIG. 5. Propagation and collision of a pair of solitons in the
ΛΛ case (a,b) and VV case (c,d) for α/β = 0.4, when the
number of solitons is small. (b,d) The upscaled profiles of
the particle density and the phases of the wave functions just
before the collision [along the thick dashed blue lines in panels
(a,c), respectively].
tions of CGLE [30] or dissipative Gross-Pitaevskii equa-
tion for polariton mean field [31]. In our case, solitons
represent the nuclei of a new condensate phase.
The density of solitons increases with α/β, and some
of them attach to each other, forming wide soliton do-
mains, which one can see in Figs. 2(c) and 3(c). In ΛΛ
case, with further increase of polariton-polariton inter-
action and for sufficiently large ratio ∆ER/∆EI as in
Fig. 2(e), a complete array of dark solitons is formed.
The wave function phase changes by pi per every lattice
constant and the quasi-long-range order appears again,
manifesting the formation of pi-condensate phase.
Conclusions.— Interacting exciton polaritons loaded
into a one-dimensional microcavity wire with a periodic
potential and periodic distribution of losses can condense
into nontrivial states, where losses are not minimized
but maximized. Under certain conditions, polaritons
can form space-time intermittency phase, which sepa-
rates two condensate phases with minimal and maximal
losses. The reconstruction of the condensate wave func-
tion takes place by proliferation of dark solitons along
the periodic structure. The nuclei of the new conden-
sate phase, which are characterized by maximization of
losses, are formed with increasing polariton-polariton in-
teraction, and they can be seen as a result of gluing the
dark solitons together.
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